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ABSTRACT 

We study the frequency of Mg II absorption in the outer haloes of galaxies at z = 0.6 — 1.4 
(with median z = 0.87), using new spectra obtained of ten background quasars with galaxy impact 
parameters of 6 < 100 kpc. The quasar sightlines were selected from the SDSS DR6 QSO catalog 
based on proximity to galaxies in the DEEP2 redshift survey. In addition to the 10 small impact 
systems, we examine 40 additional galaxies at 100 < b < 500 kpc serendipitously located in the 
same fields. We detect Mg II absorbers with equivalent width Wr = 0.15 A - 1.0 A, though not all 
absorbers correlate with DEEP galaxies. We find five unique absorbers within Av = 500 km/s and 
b < 100 kpc of a DEEP galaxy; this small sample contains both early and late type galaxies and has 
no obvious trends with star formation rate. No Mg II is detected more than 100 kpc from galaxies; 
inside this radius the covering fraction scales with impact parameter and galaxy luminosity in very 
similar fashion to samples studied at lower redshift. In all but one case, when Mg II is detected 
without a spectroscopically confirmed galaxy, there exists a plausible photometric candidate which 
was excluded because of slit collision or apparent magnitude. We do not detect any strong absorbers 
with Wr > I.OA, consistent with other samples of galaxy-selected Mg II systems. We speculate that 
Mg II systems with 0.3 < Wr < 1.0 trace old relic material from galactic outflows and/or the halo 
assembly process, and that in contrast, systems with large Wr are more likely to reflect the more 
recent star forming history of their associated galaxies. 



1. INTRODUCTION 

For roughly two decades, a connection has been ob- 
served between ^ L* galaxies and the Mg II abso rption 
systems seen in QSO spectra (iBergeron fc BoissdllQQll : 
ISteidelet all [1991 ISteidel fc Sargentlll992D . Mg II sys- 
tems trace gas in the outer haloes of these objects out 
to radii of ~ 100 kpc. However, a standardized physical 
picture describing the origin of this metal-rich material 
remains elusive. At least two different pathways have 
been suggested for distributing Mg II throughout galaxy 
haloes. 

In one scenario, the QSO absorbers represent debris 
from large-scale winds that are seen in galaxy spect ra and 
known to carry Mg II (Weiner et al. 2009; Bon d et aLl 
1200 It ). These winds may help quench star formation in 
nascent galaxies, providing nece ssary feedback in ga laxy 
formation models. For example, INestor et al.l (|2010D as- 
sociated ultrastrong absorbers {Wr > SA) with star- 
bursting galaxies and suggested an outflow wind sce- 
nario based on velocity dispersions in the Mg II systems. 
iProchter et al.l (|2006l ) favored an outflow model of Mg II 
systems based on evolutionary trends with redshift in 
the number density of (strong) absorbers. Some theories 
associate these outflows with AGN activity rather than 
supernova feedback, but differentiation between the two 
remains an open question. 

Several authors hav e argued indirectly in favor of this 
interpretation as well. IBouche et al.l (|2006[ ) detected ev- 
idence that stronger Mg II absorbers reside in lower 

^ This paper includes data gathered with the 6.5 meter Mag- 
ellan Telescopes located at Las Campanas Observatory, Chile. 
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mass galaxy haloes, and suggested that this might result 
from the more vigorous star formation occurring in the 
smaller, late- type galaxies. Using va rious statistical com - 
bina tions of SPSS Mg II absorbers, iZibetti et ahl ()2007f ) 
and IMenard et al.l (12009) reported evidence of star for- 
mation surrounding the strongest Mg II systems, in the 
form of enhanced [OH] emission or bluer galaxy colors. 

However, a second interpretation posits that Mg II sys- 
tems are a generic feature of galaxy haloes, with an ex- 
tent and dynamical structure that reflects gravitational 
processes. Indeed the velocity proflles of some Mg II 
systems app ear to form an extension of galactic rota - 
tion curves (jKacprzak et al.l 120101: ISteidel et all I2002D 
albeit with increased ve l ocity dispersion. iChen fc Tinken 
(|2008[) and iChen et al.l ()2010f) develop a halo-motivated 
model using a large set of QSO-galaxy pairs. These 
papers and IGauthier et al.l (|2009t ) interpret the anti- 
correlation between galaxy halo mass and Mg II strength 
in the context of the "cold mode" vs . "hot mode " accre - 
tion models recen tly advocated by iKeres et"al] ()2005l) ; 
iDekel et al.) (|2009[ ). In this model, Mg II absorption 
arises in cold structures that are ionized away when 
galaxy masses - and hence virial temperatures - ex- 
cee d a threshold value. In a carefully selected sam- 
ple, [Che^|^|Tinke3 ()2008f ) find absorbers associated with 
both early- and late-type galaxies in normal field pro- 
portions, and use this to argue against an interpretation 
where Mg II arises exclusively in starburst galaxies. 

Galaxy-absorber studies to date have primarily fo- 
cused on low redshifts z < 0.5 where gala xy observa- 
tions are most accessible (jChen et al.ll20ldl) . or on tar- 
geted galaxy observa tions toward sightlines pre-selected 
for Mg II absorption (iKacprzak et"al]|2010l : INestor et al.l 
Steidel et al.l 120021 ). A uniform interpretation of 
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the results is also complicated by the different samples' 
varying sensitivities, completeness estimates, and selec- 
tion techniques. 

In this paper, we construct a modest sample for study- 
ing Mg II -galaxy associations at higher redshift (0.6 < 
2; < 1.4). To do this, we le verage the p ublic catalog of 
the DEEP2 redshift survey (jDavis et al.ll2003ll2007[) and 
use the MagE spectrometer on Magellan to obtain spec- 
tra of background QSOs that lie randomly near DEEP2 
galaxies on the sky. 

Since this galaxy sample is chosen without regard to 
morphology, it is not biased toward any spectral type or 
the presence/absence of AGN; thus, it should be appro- 
priate for investigating the relationship between Mg II 
incidence, star formation, and spectral/morphological 
type. The sample also spans a wide range of impact 
parameters, allowing for an estimate of how the Mg II 
covering fraction scales with galactic radius. The DEEP 
sample does pre-select galaxies based on color and mag- 
nitude and is known to pref erentially select sta r form- 
ing galaxies at high redshift (jGerke et al.ll2Q07al ). How- 
ever, it provides a large, uniformly selected parent sam- 
ple against which we can compare a subsample drawn 
randomly based only on impact parameter. 

In Section 2, we describe our sample selection and ob- 
servations. Section 3 details the galaxy-Mg II pairs de- 
tected as well as non-detections. Section 4 describes our 
results in the context of the existing literature. We use 
a WMAP7+BAO+iJo cosmology of fi,„ = 0.272, Qa = 
0.728, ifo = 70.4 km s"^ Mpc~i throughout. Ah magni- 
tudes are on the AB system, and impact parameters are 
listed in proper h^^ kpc. 

2. OBSERVATIONS 

Our objective is to assemble a sample of galaxy- 
absorber pairs at moderate redshift where the galaxy 
sample is not selected based on pre-existing knowledge 
of the presence of Mg II absorption. This method has 
been employed successfully at lower redshifts but be- 
comes somewhat less practical at higher z because of the 
expense and incompleteness of the galaxy observations. 
To work around this limitation, we started with the well- 
defined, public galaxy redshift catalog of the DEEP2 sur- 
vey, which contains galaxies at 0.6 < z < 1.4. We then 
selected for observation all quasars in the SDSS DR6 
catalog whose sightlines passed less than 100 kpc from 
a DEEP galaxy. All quasars meeting this criterion were 
observed. 

This method generates a randomized galaxy-absorber 
pair sample, since inclusion depends only on the relative 
position of the two objects. The galaxies and QSOs will 
retain the selection functions of their respective surveys, 
which are unrelated to our present science goals. The 
quasars are being used for background illumination only. 
Although the galaxy parent catalog refiects DEEP2's se- 
lection process, we show in Section 2.3 that it contains 
a mixture of spectral classes (i.e. both star forming and 
early type) and hence may be used to study the associa- 
tion of star formation with Mg II incidence. 

We choose Mg II because it has been studied exten- 
sively at lower redshift, and it falls directly in the optical 
window through DEEP2's redshift window. Ly a falls 
below the 3000 A atmospheric cutoff. C IV could be visi- 
ble at the high redshift end of the sample, but this range 
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Fig. 1. — The redshift distribution of DEEP2 galaxies in the 
equatorial fields. 

contains few galaxy-sightline pairs and our observations 
did not yield any galaxy-absorber pairs where C IV would 
be visible. In one case we detect Fe II in conjunction with 
Mgll . 

2.1. Quasar Selection 

To select target quasars for observation, we cross cor- 
related the DEEP2 DR3 pubhc redshift catalog (con- 
taining ~ 46,000 objects) with the DR6 quasar cat- 
alog produced by the SDSS. Magellan access necessi- 
tated restricting our targetable declination range to the 
two equatorial fields in DEEP 2. We also required that 
zqso > 1-0, i.e. that the quasar lie behind much of the 
DEEP2 survey. These cuts yielded a final tally of 46 
Sloan quasars. 

For each of these quasars, we then identified all galaxies 
from the DEEP2 catalog having impact parameters of 
30" or less from the quasar's line of sight. We excluded 
all galaxies with a "redshift quality" fiag of 2 or lower as 
unreliable, following the recommendation of the DEEP2 
DR3 website. Only galaxies with 0.6 < Zgaiaxy < zqso 
were considered for each quasar. 

Figure [T] shows the DEEP2 redshift histogram; in this 
range the angular diameter scale subtended per arcsec- 
ond ranges from 6.7 to 8.5/i^g kpc. For a fiducial angular 
scale of 8 kpc per arcsecond, a 100 kpc impact parame- 
ter therefore corresponds to 12.5 arcseconds on the sky. 
Ten SDSS sightlines intercept a galaxy within this radius; 
these quasars form the core sample observed at Magellan. 

Although not selected to do so, these same sightlines 
also serendipitously pass by other galaxies at larger im- 
pact parameter. The sample is much less complete at 
these larger radii, but it does contain 5 galaxies with 
100 < b < 200 kpc, and many more at larger radii. 

2.2. Quasar Observation 

The ten SDSS quasars were each observed with the 
MagE spectrograph on the Magellan Clay telescope. The 
median QSO in our sample has g' = 20, with the total 
sample ranging from 17.95 < g' < 21.2. MagE is a mod- 
erate resolution UV/optical echellette that delivers spec- 
tra from 3100 A to 1 ^m (|Marshall et all 120081) . A 0.7 
arcsecond slit was used, corresponding to a resolution of 
R — 6000, or 50 km/s. The observations were taken un- 
der photometric conditions during January and October 

^ http://deep.berkeley.edu 
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1.66 
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1.75 
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2x1200 





233050+0015 


1.94 


20.01 
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of 2008. Table 1 lists observed quasars along with total 
exposure times. 

Raw data from the spectrogr aph were processed us - 
ing the MASE IDL pipeline CBochans ki et al.l 120091 ) . 
MASE performs poisson-limited sky subtraction on the 
2D echelle frames using a wavelength-subsampled grid. 
Object profiles are optimally extracted while iteratively 
converging to a joint model of the object and sky for 
each exposure. The unbinned extracted spectra are then 
combined and finally projected onto a regular wavelength 
grid. The final spectra exhibit signal-to-noise ratios rang- 
ing from 5 to 23 with a mean of 11.6 per pixel over the 
A = 4500 — 6700 A range relevant to the detection of 
Mg II in our rcdshift search range. 

2.3. Galaxy Sample 

Our sample of galaxies is drawn solely from the DEEP2 
survey, DR3. From this catalog, we selected the 5 near- 
est galaxies for each sightline, 50 in total. The impact 
parameter of the most distant galaxy therefore varies be- 
tween fields but is no less than 2bQhj^ kpc for any field. 
The resulting galaxy sample spans 0.662 < z < 1.409 
with a median of 0.868. Its color distribution is roughly 
uniform, containing galaxies at extremes of both the red 
and blue ends of DEEP's selection region. Figure[2]shows 
the overall DEEP survey color distribution, with galaxies 
chosen for this sample highlighted. The color distribu- 
tion of Mg II candidate galaxies is consistent with a ran- 
dom draw from DEEP 2, in the group passing the color 
cuts. To confirm this, we ran a 2-sample, 2-dimensional 
Kolmogorov-Smirnov (KS) test on the distributions of 
[R - I) and {B - R) colors. The KS test admits the 
possibility (i.e. rules out at only the P = 25% level) that 
our sample and the full DEEP 2 0.6 < z < 1.4 sample 
are drawn from the same color space. Likewise a one- 
dimensional two sample KS test on the redshift distribu- 
tion fails to distinguish between our sample and that of 
DEEP2 in our redshift range {P ^ 30%). 

We have excluded DEEP2 objects in the Extended 
Groth Strip (EGS), where different selection criteria were 
used; we do not observe any QSOs in the EGS because of 
its northern declination and so have no Mg II candidates 
within this group. 

The 50 galaxy spectra extracted from the DEEP 
archive were inspected in order to search for AGN sig- 
natures, and two candidates were identified: one definite 
(31049930), which displays strong Ne III and Ne V fines 
and a broad O II peak; and one very likely (31020054), 
which displays strong Ne III lines and a broad O II peak. 




Fig. 2. — Color space distribution of spectroscopically confirmed 
DEEP2 DR3 galaxies, shown in density contours for clarity. Galax- 
ies included in our sample are shown as solid dots. The DEEP 
photometric cuts define the upper left diagonal boundary of the 
distribution. Our Mg II sample galaxies span the full range of 
galaxies passing the color cuts, and are statistically consistent with 
a random draw from the survey. 
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Fig. 3. — Spectra of AGNs in sample. 31049930 displays a broad- 
ened O II peak, strong Ne III, and strong Ne V. 31020054 displays 
a broadened O II doublet and Ne III peak. 

These spectra can be seen in Figure [31 This gives an 
AGN fraction of 4% of the population. Neither of the 
AGN candidates are located within the primary 6 < 100 
kpc sample. 
The DEEP2 survey utilizes an apparent magnitude cut 



of i? < 24.1, which at our median redshift corresponds 
to Mb — 51og(/i) = —19.6, ignoring fc-corrections (we 
account for these on a per-galaxy basis below). At the 
extreme low and high redshift ends of the sample, the 
limiting absolute magnitude changes by approximately 
±1. For consistency with low redshift studies we have 
used Mg = -19.8 + b\og{h) « -20.5, so the magnitude 
limit (at z=0.87) corresponds to roughly ~ 0.8L* on this 
scale. Several galaxies are slightly fainter than this on 
account of their lower redshift, but the bulk of our sample 
consists of galaxies with L ^ 1 — "iL* . 

3. RESULTS 

3.1. Searching QSO Spectra 

After the raw frames were processed using MASE, the 
resulting ten spectra were inspected visually for Mg II ab- 
sorption doublets at redshifts corresponding to the galax- 
ies associated with each line of sight. Where a doublet 
was detected, Wr was measured directly from the spec- 
tral pixels. Where no doublet was detected, a Gaussian 
absorption profile was fitted to the data at the redshift 
of the associated galaxy to estimate a 3ct upper limit. A 
total of 5 doublets were detected at a z coincident with 
a DEEP galaxy; for 2 sightlines a pair of galaxies were 
identified near the absorber's redshift, for a total of 7 
associated DEEP galaxies. Five Mg II doublets were de- 
tected within the DEEP redshift range but with no corre- 
sponding DEEP galaxy, and six additional Mg II systems 
were foundoutside of the DEEP2 range. All Mg II detec- 
tions within the DEEP2 redshift window are listed in 
Table 2. DEEP objects with no corresponding Mg II de- 
tections are listed along with upper limits on their Mg II 
equivalent width in Tabic 3. 

3.2. Measuring SFR 

Since many previous papers have examined the connec- 
tion between Mg II absorption, galactic winds, and star 
formation rate (SFR), we measure the SFR of galaxies 
in our sample. Although the preferred indicator of star 
formation rate (SFR) is the Ha line, this wavelength is 
redshifted out of all DEEP spectra in our sample. We 
therefore measure SFR using the emiss ion line luminos- 
ity co rrelations empirically derived in iMoustakas et al.l 
(|2006f ). which give SFR as a function of i3-band lumi- 
nosity and either O II or H/? line luminosity. We prefer- 
entially use H/? where available, since it is a more reliable 
tracer less subject to dust attenuation. 

The DEEP spectra are not flux-calibrated so line lu- 
minosities cannot be calculated in the normal fashion. 
We therefore tested two separate methods for determin- 
ing the SFR from DEEP spectra, and compared for con- 
sistency. The first method utilizes an archival flux cal- 
ib ration of the DEIMO S spectrograph, as documented 
in iLemaux et all (|2009( ) and on the DEIMOS websit(S. 
This method has the advantage of producing direct O II 
line fluxes and luminosities, but, lacking spectrophoto- 
metric standard observations, it is not a true flux cal- 
ibration and is subject to time-dependent variation in 
weather and instrument conditions. We use this as our 
primary SFR measure throughout th e paper. 

The second method, described in iZhu et aH (|2009l ). 
combines un-fluxed spectra with calibrated photometry 
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Fig. 4. — Comparison of measurements of the star formation rate 
using two different methods described in the text. 

to bootstrap an estimate of the O II line luniosity. First 
we measure the equivalent width of the line using an es- 
timated average continuum. We then use kcorrectQ to 
reconstruct a galactic SED using the DEEP2 broadband 
photometry. We take the reconstructed model contin- 
uum value at the line, and multiply it by the equivalent 
width in order to recover the line flux. This flux is then 
used to calculate the line luminosity and thus SFR. In 
cases where no emission is detected at the line location, 
we set the SFR to zero after inspecting the line to ensure 
it is continuum, since the SFR correlations do not han- 
dle nondetections well and produce unreasonably large 
upper limits. 

Figure S] shows results from both procedures. In gen- 
eral the two methods agree fairly well, having random 
scatter of ~ 0.3 — 0.5 dex but no systematic offsets. 
Our SFR values ranged between 0.5 < log(SFR [Mq 
yr""^]) < 2.0. AGN are automatically assigned SFR 
since emission from the AGN renders emission line SFR 
diagnostics inapplicable. Rest-frame Mb values are also 
calculated using kcorrect; the SFR values and absolute 
magnitudes are listed in Tables 2 through 5. 

3.3. Notes on Individual Systems 

Here we describe properties of the seven sample galax- 
ies hosting Mg II absorption, indicated in Figures 5 
through 9. For comparison purposes, we also include 
plots of the six lowest- 6 galaxies that had no correspond- 
ing Mg II detections in Figure 10. Full spectra of these 
galaxies are presented in Figure 11 (detections) and Fig- 
ure 12 (non-detections). All detections have Wr < 0.8 A, 
and all non-detections have Scr upper limits of Wiim ~ 0.3 
A. The measured properties of each positively identifled 
galaxy- absorber pair are reported in Table 2. Plots of 
galaxy spectra are shown in the galaxy's rest frame. 

3.3.1. SDSS232634+0021, DEEP 31052516 

Zgai = 0.7346, b = 37.25 kpc, Wr = 0.339 A 

+/- 0.067, Av — -266 km/s This galaxy's redshift is 
low enough that the H/3 line is accessible; however, there 
is no detected emission at the appropriate wavelength. 
Rather, we see strong Ca H+K absorption and a 4000 
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Fig. 6. — Detail of the z = 1.187 galaxy-absorber pair. 

A break. This galaxy shows httle to no signs of star 
formation, but with a rest-frame Mb of -21.21, it rep- 
resents the brightest galaxy in the detected sample; this 
combined with its spectral features classiiy it as a lumi- 
nous red galaxy (LRG). However, despite its low impact 
parameter (the lowest in the sample) and high intrinsic 
brightness, its absorption feature is weak. 

3.3.2. SDSS233050+0015, DEEP 32024543 

Zgai = 1.1875, b = 47.06 kpc, Wr = 0.608 A 

+/- 0.048, Av = -95 km/s DEEP 32024543 displays 
a strong O II peak, indicative of strong star formation. 
Its corresponding Mg II absorption feature is strong and 
narrow, and two additional Fe II lines are visible. The 
Fe II 2600 line has Wr = 192 ± 52 mA, while the 2382 
hnc has Wr = 129 ± 46 mA. 
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Fig. 8. — Detail of the z = 0.790 galaxy absorber pair. 

sorption line displays an interesting velocity structure, 
showing not one but two distinct doublets at a corre- 
sponding dispersion velocity of ^^50 km/s, indicating in- 
terceptions by two separate clouds of Mg II moving with 
individual velocities. The galaxy itself displays a strong 
O II peak indicative of strong star formation. 

3.3.4. SDSS232536+0019, DEEP 31050080, 31050146 
Zgai = 0.7894/0.7912, b = 72.09/345.24 kpc, Wr 
= 0.263 A +/- 0.040, Av = 387/-151 km/s These 
two galaxies have very similar redshifts and both exhibit 
spectral features typical of early-type galaxies, lacking 
emission at the wavelength of the O II doublet and dis- 
playing strong 4000 A breaks; these objects may be mem- 
bers of a galaxy group. Although one of these galaxies 
is at a much lower impact parameter than the other, the 
galaxies visually bracket the QSO on the sky and the 
Mg II absorption line is located at a redshift between 
the two. The absorbing gas may therefore be associ- 
ated with the group rather than either galaxy specifically. 
This absorption line also displays an odd asymmetry in 
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Fig. 9. — Detail of the z = 1.009 galaxy absorber pair. 

the doublet structure, with the normal ratio of Mg II 
line depths reversed. This is not an artifact of stacking 
a bad frame during the reduction process, as the same 
asymmetry appears in each individual exposure. We ex- 
amined alternative identifications for this system besides 
Mg II while enforcing that < Zabs < zqsoi which con- 
strains the rest wavelength to be 2266 < Xrest < 5000 
A {zQso = 1-21). Besides Mg II , the strongest typical 
QSO absorption lines in this range are from Fe II , which 
is ruled out based on the non-detection of other multiplet 
transitions, and Ca II, which is likewise ruled out as a 
doublet (and would be accompanied by strong DLA-like 
absorption, which is absent here) . Given the exact match 
in wavelength separation between the components, we 
suspect the reversed doublet ratio to be the result of con- 
tamination by a lower redshift interloper blending with 
the 2803 A hue. 

3.3.5. SDSS0231U+0052, DEEP 43056587, 43056310 
Zgai = 1.0086/1.0091, b = 100.02/226.90 kpc, Wr 
= 0.759 A +/- 0.067, Av = 11/164 km/s Ahhough 
only a single strong Mg II absorption doublet is seen in 
the QSO spectrum, two DEEP galaxies are located at the 
corresponding redshift. DEEP 43056587 shows a strong 
O II peak, while DEEP 43056310 displays a broadened 
O II doublet, but no other characteristic AGN emission 
lines (e.g. of Ne). 
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Fig. 10.— Montage of six DEEP2 galaxies with b < 100 kpc, 
but no detected Mg II . In each case, the left panel shows the [O 
II] emission line (or H(5 for low redshift), while the right panel 
displays the Mg II region and associated Scr upper limit on Wr- 
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Fig. 11. — DEEP/DEIMOS archival spectra of galaxies associated with Mg II absorption seen in background QSOs. The bottom three 
galaxies display little evidence of star formation, while the bottom four show moderate activity. 
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Fig. 12. — DEEP spectra of seven galaxies for which no Mg II was detected in absorption. They are chosen to have the smallest b of the 
non-absorbing systems, with five of seven at 6 < 100 kpc. 



3.4. Trends in Mg 11 Absorption 
3.4.1. Impact Parameter 

In Figure [T31 we plot the Mg II equivalent widths of 
our systems against their respective galaxy/QSO impact 
parameter. The bulk of Mg II detections occur in galax- 
ies with 6 < 100 kpc. Beyond this limit, we find no 
unique galaxy-absorber pairs. In two sightlines we de- 
tect absorption at a redshift coincident with a galaxy at 
large separation; however, in each case there is a second 
galaxy at 6 < 100 kpc also located at or near the same 
redshift. Other than this general h limit, no other strong 
trend emerges. 

Simple counting yields a raw covering factor of k = 
50% (5 detections vs. 5 non-detections) at impact pa- 
rameters ^100 kpc, with K — 0% at 5 > 100 kpc (dis- 
counting the double-galaxy systems). At first glance 
this matches well with the uncor r ected covering frac- 
tion of 57% froni IChenATinkeij (J200l) or 66% from 
IChen et all (fMl (Hereafter CT08 and CTIO). How- 
ever, both_CT08and_CTW_Jollow_t he standard prac- 
tice ()Steidell 119951: iSteidel et all I2002D of renormalizing 
each pair's impact parameter to account for the fact that 
larger galaxies should have more extended gas haloes. 
This is expressed mathematically as an empirical power 
law scaling between halo radius Rgas and galaxy lumi- 
nosity Lb'- 



Ra 






(1) 



where R*gas is the fiducial gas radius for an L*^ galaxy, 
and /3 is a constant power law slope; both are de- 
termined empirically. Using maximum-likelihood tech- 
niques, CT08 estimate i?*^^ = 91ft-"^ kpc, and /3 = 0.35 
for low z Mg II absorbers. CT08 then consider the cover- 
ing fraction within Rgas rather than raw impact param- 
eter, finding k = 80 — 86% inside and k w outside of 
Rgas- The increase in k from 60% (uncorrected) to 86% 
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Fig. 13. — Mg II EW vs. impact parameter h. The open dia- 
monds (blue in the color figure) represent detected Mg II absorp- 
tion. The arrows (black) represent upper limits on possible Mg II 
absorption. Black circles mark the outer members of galaxy pairs 
discovered at the absorber redshift. Asterisks (red) mark AGNs. 
See the electronic edition for a color version of this figure. 
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Fig. 14.— Sample comparison between DEEP2 and CT2010, 
in the impact parameter versus absolute magnitude plane. The 
CT2010 sample probes further down the luminosity function with 
particular emphasis on faint systems with fe < 20 kpc that are 
missed in the high redshift sample. 
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Fig. 15. — Mg II rest equivalent width versus impact parameter 
in units of Rgas, as defined in Equation 1. The horizontal axis 
has been truncated at 3.0; non-detections in the DEEP sample 
extend out to b/Rgas = 12. Diamonds (blue) mark detections, 
while arrows represent upper limits. Detections with black circles 
are each co-located in redshift with another sample galaxy having 
b/Rgaa < 1. Asterisks (red) mark AGN. 

(corrected) reflects the fact that many of their Mg II non- 
detections pair with galaxies of low luminosity. These 
systems' impact parameters, though less than 100 kpc, 
still fall outside their (smaller) gas radii. 

At DEEP2 redshifts, the situation is reversed because 
our galaxies are drawn from the brighter end of the lumi- 
nosity function and therefore reside in larger gas haloes. 
This is evident from Figure [T31 which illustrates the dis- 
tribution of impact parameter and galaxy luminosity oc- 
cupied by the low and high redshift samples. As ex- 
pected, the more nearby surveys are weighted towards 
low luminosity galaxies at small 6. 
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Fig. 16. — Equivalent width versus (luminosity-rescaled) im- 
pact parameter f or the present sample, compared writh that of 
I Chen et al.l l|201CII ). illustrating how the high redshift sample skews 
toward larger impact parameters. Our innermost point has Wr 
near the low end of CT2010's envelope, but the samples are oth- 
erwise fairly similar. The strongest absorbers in the low redshift 
sample all arise in systems with rescaled impact parameters smaller 
than the bulk of the DEEP2 sample. (Note: our point near fe = 50 
kpe represents two detections with similar b and Wr , not separable 
on the scale of this plot). 



In the z ^ 1 sample, we find several non-detections 
located at 6 > 100 kpc (i.e. beyond the approximate gas 
radius for an L* galaxy), but which still fall within Rgas 
because the galaxies are bright. This can be seen in Fig- 
urelini where we plot Mg II Wr against impact parameter 
expressed in dimensionless units of Rgas- When evalu- 
ating Rgas for each system, we correct absolute mag- 
nitudes to the rest frame using kcorrect and assume 
Mg = —19.8 + 51og(/i) for consistency with the lower 
redshift analysis. With this adjustment, the covering 
fraction at z = 0.9 decreases to k — 38% (5 detections 
and 8 non-detections within the new Rgas)- 

The lower covering fraction we observe in the high-z 
sample results at least in part from the fact that these 
galaxies are located on average at larger impact param- 
eter, where the Mg II Wr and covering factor should be 
lower. Figure [12] illustrates this graphically: the high 
covering fractions of the CT08 and CT2010 samples are 
driven by points at rescaled impact parameter < 20 kpc, 
where the detection probability is essentially unity. Our 
sample only has one system in this range, and although 
its Wr is in the bottom 10% of the Wr distribution for 
bscaied < 30 kpc iu CT2010, it still represents a positive 
detection. 

The rest of the high redshift sample is at 
b{L/L*)~°-^^ > 40 kpc, where the Mg II yield is also 
low in the low redshift sample. It is clear that the prob- 
ability of detecting a Mg II absorber varies strongly even 
inside Rgas - This implies that cumulative estimates of k 
within a fixed radius depend strongly on the radial se- 
lection function of a given sample. Indeed comparisons 
of K from one study to another may not be meaningful if 
not corrected for this effect. 

Figure [T7] shows the covering fraction for systems 
grouped into radial bins of 30 kpc. The bin size and 
shot noise in each bin is large on account of small sample 
size, particularly at high redshift. But in this view, we 
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Fig. 17. — Estimates of the differential covering fraction in radial 
bins, for high and low redshift samples. This quantity expresses the 
probability of detecting Mg II coincident in redshift with a galaxy 
as a function of the galaxy-QSO impact parameter. It is a steeply 
declining function of radius, with a near unity probability at 10-20 
kpc dropping to nearly zero at 100 kpc. This figure emphasizes the 
importance of radial selection functions in calculating meaningful 
cumulative covering fractions within an arbitrary radius. We find 
strikingly similar scalings at 2 ~ 0.1 and 2 ^ 0.7, albeit with very 
large errors at high redshift. Note that in order to avoid double- 
counting detections associated with pairs of galaxies, we place these 
detections in the bin corresponding to the b of the closer galaxy. 

see that at fixed galaxy luminosity and impact parame- 
ter, the covering fraction of Mg II absorbers appears to 
be very similar at z rs^ and z r-^ 1^ albeit with substan- 
tial uncertainties. 

The Mg II covering fraction may be expressed very 
roughy in terms of galaxy impact parameter and lumi- 
nosity: 



K{b,L) 



exp 



-b{L/L*) 



-0.35 



15 



40 



(2) 



This relation is completely empirical, and is not a de- 
tailed fit (given the large uncertainties due to sample 
size). However it does provide some basis for assessing 
the likelihood that a random galaxy near a QSO sight- 
line will produce Mg II absorption. It also allows for 
a comparison of samples drawn with different selection 
functions in luminosity and impact parameter. 

3.4.2. Trends with Star Formation Rate 

Figure [TH] shows a plot of Mg II equivalent width 
against star formation rate as determined by the meth- 
ods discussed in section 13.21 Galaxies with impact pa- 
rameters b > 200 kpc are not included for clarity. Al- 
though our two strongest absorbers are associated with 
star forminng systems (30-100 AfQ/year), there are sev- 
eral other galaxies in the sample with similar SFR but 
no detected Mg II halo absorption. The systems in our 
sample lacking emission lines (shown at zero SFR) do 
harbor comparatively weak Mg II absorbers. In general, 
any trends in this space are too weak to be revealed by 
our small sample size. 

It may be that passive galaxies are under-represented 
in the DEEP2 parent sample — especially at high 
redshift — owing to the photometric preselection and rel- 
ative redshift success rates. However, as noted by 
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Fig. 19. — Stacked spectra of DEEP2 galaxies classified as Early- 
type (top) and star-forming (bottom). 



Fig. 18.— Mg II EW vs. log(SFR). The open diamonds (blue in 
the color figure) represent detected Mg II absorption. The arrows 
(black) represent upper limits for Mg II non-detections. Asterisks 
(red) mark AGN candidates. Only galaxies with impact parameter 
b < 100 kpc are shown. See the electronic edition for a color version 
of this figure. 



lYan et all ()2009f ). there are substantial populations of 
the so-called K-l-A galaxies in z ~ 1 samples, indeed 
we see several such post-starburst systems in the DEEP 
archive, many with non-negligible O II emission. None 
are present in our modest Mg II sample, but these galax- 
ies may be a very interesting sample to compare with 
lower redshifts where they are relatively more rare. 

3.5. Trends with Galaxy Type 

Within our small sample, we do not detect evidence 
that Mg II absorption is more commonly associated with 
either young star forming galaxies or late type stellar 
populations. 

Three of the galaxies with Mg II halo absorption 
(DEEP31050080, 31052516, and 31050146) display 4000 
A breaks and little to no O II or H/3 emission (Figure 
[TT|) . The four remaining galaxies range from moderate to 
strong star formers, based in part on their O II line emis- 
sion and weak 4000A breaks. Two pairs of these galaxies 
are likely grouped together based on redshift and spatial 
distribution: the early types 31050080 and 31050146; and 
the emission line galaxies 43056587 and 43056310. The 
spectra of seven galaxies with b < 100 kpc but no Mg II 
detection are shown in Figure [T^l These 7 galaxies also 
cover a range of spectral types: five display O II emis- 
sion; DEEP 31020310 is low-redshift and does not cover 
O II, but does show moderate H/3 and O III; and DEEP 
32024758 shows a 4000 A break. 

While wc stress that our galaxy sample is unbiased with 
respect to DEEP2, it is important to consider the effects 
of any bias inherent in the parent sample. DEEP's photo- 
metric pre-selection and apparent magnitude limit, cou- 
pled with its improved redshift success rate for emission 
line galaxies, tends to select star forming sys tems, partic- 
ularly at the high redshift end of the sample ()Gerke et al.l 
l2007bD . 



To compare the general DEEP2 sample with our Mg II 
host sample, and also with the general galaxy population, 
we drew 1000 spectra from the DEEP archive to examine 
the relative frequency of early- versus late- type galaxies. 
Spectra with redshifts outside our selection range or in 
the EGS were not examined. We visually classified each 
spectrum as either "emission-line dominated," or "Early- 
type." The emission systems displayed strong O II , O III 
, or H/3 lines but weak or blue continuum, while the con- 
tinuum systems showed weaker O II but stronger 4000 
A breaks and Ca H-l-K absorption. Uniform-weighted 
rest- frame stacks of the two samples are shown in Figure 
[H We found that 84% of the DEEP2 galaxies fell in the 
emission-dominated category, while 16% were continuum 
dominated. 

In the Mg II -hosting subsample of DEEP2, three of the 
seven systems (42%) are early-type classifications. This 
is a modest excess, but we are still in the regime of small 
number statistics. The Poisson probability of detecting 
three early-type Mg II hosts (when a randomly drawn 
sample has an expectation value of slightly over one), is 
8%. It appears the Mg II hosts do not differ strongly 
from the general DEEP2 population. While many Mg II 
are associated with star-forming galaxies, they certainly 
do not appear to uniquely be so. 

It is less straightforward to quantify how the DEEP2 
sample may be biased with r espect to a vol u me lim ited 
sample of galaxies at z ~ 1. iNorberg et al.l ()2002l ) per- 
formed a similar binary classification of local 2dF galax- 
ies into early- and late-types using principal component 
analysis, finding roughly equal numbers of the two at 
our M* -blogh = -19.8. RecaU that the DEEP lim- 
iting magnitude varies between -18.6 and -20.6 across 
its full redshift interval. Toward the bright end of our 
absolute magnitude range, the 2dF late-type fraction de- 
creases to ~ 30%, whereas at the faint end it increases to 
70%. However one expects the fraction of blue galaxies 
to increase toward higher z, particularly in the group en - 
vironment (jButcher fc Oemleilll98l : lGerke et al.ll2007aD . 

In short, we find that Mg II absorption is not exclu- 
sively associated with a particular spectral type in the 
DEEP2 galaxy sample. Emission line galaxies and early 
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type objects alike exhibit Mg II absorption in some cases 
and not in others. A determination of the exact fraction 
of early-type versus star forming galaxies hosting Mg II 
requires an in-depth analysis of sample bias inherent to 
DEEP2's selection process; this is beyond the scope of 
this paper but will be an important question to address 
when larger samples of Mg II -galaxy pairs are available 
at z = 1. It appears that ongoing star formation is not 
a prerequisite for populating z ~ 1 circumgalactic haloes 
with cool (i.e. 10"* K), metal enriched gas; this applies 
at least for the intermediate values of 0.3 < Wr < 1 
A typical of galaxy-selected Mg II systems (see Section 
4.1). 

3.6. Absorbers Without Known Galaxies 

Five Mg II systems were found in our QSO spectra with 
redshifts within DEEP's selection range (0.7 < z < 1.4) 
but no corresponding match in the DEEP galaxy catalog. 
We were interested to know if every Mg II absorber could 
be plausibly associated with a luminous galaxy not cap- 
tured by DEEP2, or whether some could instead trace 
galaxies of very low L or intergalactic gas. W e therefore 
searc hed the DEEP photometric catalogue (jCoil et al.l 
|2004[) for objects that were detected in imaging but not 
included in the redshift catalogue because of slit colli- 
sions or spectroscopic magnitude limits. 

First, we applied the same criteria used by the DEEP 
survey to select galaxies in the 0.7 < z < 1.4 range: 
color cuts oiB -R< 2.35(i? - /) - 0.25, R-I > 1.15, 
01 B — R < 0.5; magnitude cuts of 18.5 < ms < 24.1; a 
surface brightness cut of 55 = i?^B-|-2.51ogio[7r(3rg)^] < 
26.5; and a probability of being a galaxy pgai > 0.2. We 
assumed objects that meet these conditions but have no 
catalog entry were omitted because of slit conflicts. 

We eliminated all objects with QSO impact parameter 
b < 1", as these are likely the QSO itself 0. We then 
assumed that every remaining candidate was located at 
the redshift of the absorption doublet and calculated its 
physical impact parameter. Two such candidates fell 
within a 150 kpc radius. They are listed in Table 4. 
Only one of these seems to be a plausible pair at & < 100 
kpc. 

We then removed the apparent magnitude cut to search 
for candidates that passed the DEEP color cuts but were 
deemed too faint for foUowup, and repeated the calcula- 
tion. The eleven candidates found this way are listed in 
Table 5. 

Of the four QSO fields containing "bare" Mg II detec- 
tions, two had candidates not observed because of slit- 
mask incompleteness. All four fields also had at least 
one candidate which passed color cuts but was too faint 
for followup. It is therefore possible that every Mg II 
system seen in our MagE spectra traces an observable 
galaxy; i.e. that there are no "bare" Mg II systems. 

The one possible exception to this statement is the z = 
0.615 absorber in SDSS2230-I-0015 which shows a weak 
Mg II system (Wr = 0.148 A) but no confirmed galaxies. 
A pair of faint photometric candidate galaxies separated 
by 3.8" is located at an impact parameter of 21" from 
the QSO. If these are positioned at the redshift of the 

* One such object, 32024971, at b = 0.365", also had redshift 
and spectral information in the DEEP archive and was confirmed 
as the QSO SDSS233050-(-0015 



absorber, they would pass b = 143 kpc from the line of 
sight, with 18.2h~^ kpc projected separation and have k- 
corrected absolute magnitudes Mb = —16.8 and —17.8 
{Lb = 0.04 - 0.16L*). A third galaxy, also at 6 = 21" 
but far from the other two, would have Mb = —16.4 
[Lb = 0.04L*). No additional galaxies with Lb > O.IL* 
were found within 200 kpc. It appears therefore that this 
absorber lacks either a faint host galaxy at low impact 
parameter (i.e. fainter than ^ 0.05L*), or a bright galaxy 
which could potentially harbor Mg II at large radius. 
If both of the angular pair members are confirmed to 
lie at the absorber redshift it could provide evidence for 
gravitational interaction as a mechanism for transporting 
Mg II to large radii, but without spectroscopic redshifts 
this interpretation remains speculative. 

All other fields all have candidates within 100 kpc, and 
in some cases several candidates. Followup observations 
would be required to establish the redshifts of these ob- 
jects and either confirm or rule out their association with 
the Mg II absorbers. 

In principle one can make qualitative statements about 
the types of galaxies these candidate galaxies might be 
based upon DEEP2's three color photometry and knowl- 
edge of the absorber redshift. However, since each of our 
"bare" Mg II systems has multiple photometric candi- 
dates for the host, one cannot make strong statements 
about the relative contributions of early versus late type 
galaxies to these unidentified systems. 

Nevertheless, we did examine the color properties of 
each candidate by calculating kcorrect templates for 
each system, placed at the redshift of its correspond- 
ing "bare" Mg II absorber. Qualitatively, for galaxies 
near DEEP2's central redshift, the {R — I) color mea- 
sures the strength of the 4000 A break; galaxies with 
(R — I) ^ 0.6 are more likely to have strong breaks and 
hence be early type systems, while lower values would 
select later types. The strength of the {R — L) index 
decreases at the upper end of DEEP's redshift range as 
the 4000 A break moves throguh the / band filter. We 
find two systems whose [R — I) colors (and kcorrect 
templates) favor old stellar populations, and six which 
favor younger populations, not unlike the main sample. 
If one lines up candidates at their putative redshift (as 
determined by Mg II ) and assumes that candidates map 
out a similar region of [R — I) color as the deep sepc- 
troscopic sample, then certain candidates become more 
favorable. When this assumption is applied, then two 
"bare" Mg II systems are more likely to be hosted by late- 
type galaxies (z = 0.684 in SDSS232634, and z = 1.477 
in SDSS232707), one is more likely an early- type galaxy 
[z = 0.952 in SDSS232707, and two are inconclusive. At 
the very least the photometric candidates do not appear 
to map out a different portion of parameter space. 

4. DISCUSSION 

Within our small sample, the properties of galaxies 
giving rise to Mg II absorption are heterogeneous. The 
likelihood of detecting Mg II absorption appears to scale 
only with distance and luminosity, and not with star for- 
mation or stellar population. We do not see strong evi- 
dence that Wr increases at low 6, although our coverage 
is poor at & < 30 kpc where this effect is most pronounced 
at low redshift. After correcting for galaxy luminosity, 
the scaling of covering fraction with impact parameter 
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appears to be very similar at z ~ 1 and z ^ 0. 

While our galaxy population is mixed, none produce 
absorbers stronger than ~ 0.8 A. Even including ab- 
sorbers not associated with a DEEP galaxy, our strongest 
detected absorber has a Wr of only 1.0 A , while our 
weakest is ~ 0.1 5 A. Previous studies that have identi- 
fied Mg II absorption with star forming galaxies have 
also generally selected for high-strength Mg II lines; none 
of our systems wo uld have been i nclude d in these sam- 
ples. For example, IBouche et al.l (|2007[ ) found evidence 
of Ha emission correlating to Mg II absorption, but lim- 
ited th e sample to absorbers of Wr > 2 A. IMenard et al.l 
(|2009f) , which correlated Mg II absorption with O II lumi- 
nosity density, used a lower bound on absorber strength 
of O.7A. IZibetti et al.l ()2007D demonstrated a systematic 
excess in blue luminosity around quasar sightlines with 
Mg II absorbers, but again used a lower bound on ab- 
sorber strength of O.SA. 

By contrast, studies dominated by weaker absorbers 
(i.e. Wr < I.OA) do not seem to require this connection 
between Mg II a nd star formation in all systems (e.g. 
IChen et al.ll20ldl) . Our Mg II sample compares more 
closely with this latter group, and our findings are sim- 
ilar. These differing results suggest a divide in the na- 
ture of high-strength vs. low-strength absorbers. It may 
be that high-strength absorbers are direct byproducts 
of star formation while low-strength absorbers are not. 
Several authors have previously conside red the p o ssibil - 
ity of multiple Mg II populations: ,Churchill et al.l ()2000f ) 
segregated these populatio ns by their a ssociated high- 
ionization absorption, while iNestor et all (2005 ) showed 
tentative statistical evidence of a discrepancy in redshift 
evolution between strong and weak systems. 

4.1. A Weak Evolution in Covering Fraction: 
Interpretations 

Samples of strong Mg II absorbers (Wr > 1 A) show 
some evidence of association with star formation, while 
lower Wr samples like ours do not show such a strong 
trend. It may be that the strong absorbers are a di- 
rect consequence of outflows during the actual star- 
burst/outflow phase, while weaker absorbers represent 
the dispersed remnants of this phase as they settle into 
the galactic halo. The dispersal could also be aided by 
tidal disruption or dynamical processes during the halo 
merging process. 

In this picture, the weaker absorbers found in galaxy- 
selected surveys such as the DEEP2 sample, CT08, and 
CT2010, represent relics from either earlier episodes of 
star formation, halo assembly, or both processes to- 
gether. This would explain the existence of these sys- 
tems around both early type and late-type galaxies. 
The str ong systems f o und i n absorber-selec t ed su rveys 
such as IBouche et al.l (|2007f l. IMenard et aH (|2009| ) and 
IZibetti et al.l (|2007l ). on the other hand, would tend to 
select more active star forming galaxies. 

This interpretation would also explain the redshift evo- 
lution in c lassical, purely stat istical Mg II absorber sur- 
veys (e.g. INestor et al.l 120051 ) . which show a rapid in- 
crease in "strong" absorbers toward higher redshift with 
a gradual decrease in Wr — 0.3 — 1.0 A absorbers over 
the same interval. Strong absorbers would track the in- 
stantaneous star formation rate and would naturally be 



more common during periods of intense star formation. 
The weak absorbers, by contrast, would gradually ac- 
cumulate in number with time (toward lower redshift), 
as they track the integrated star formation rate and/or 
halo mass assembly. This model also explains the order 
of magnitude prevalence of weak absorbers over strong 
ones at all redshift s. 

The association of the Wr < 1 A systems with relic 
halo gas may account for the relatively weak change in 
covering properties observed between our z ~ 1 sam- 
ple and similarly constructed z ~ 0.2 samples. While 
CT08 treat Mg II absorption as a generic feature of 
gaseous halo assembly, they also e xamine the anticor- 
relation of halo mass and Mg II Wr ()Bouche et al.ll2006l : 
iGauthier et al.|[2009D . Models favoring outflow origins of 
Mg II explain this anticorrelation as a byproduct of lower 
mass galaxies having higher star formation and outflow 
rates ; CT08 interpret it as a signature of cold mode accre- 
tion (jDekel et al.ll2009l ) of halo gas for low mass systems 
transitioning to hot mode for higher galaxy masses. 

Naively, one would expect that at higher redshifts cold 
mode accretion would be more prevalent and therefore 
the covering fraction of Mg II would increase, contrary 
to our findings. A detailed answer to this question is 
probably not possible without comparison to simulations, 
which are challeng ed to resolve cold flows at redshift s one 
and zero. Recentlv lFaucher-Giguere fc KeresI (|2010[ ) sim- 
ulated individual galaxies at high resolution to examine 
the covering fraction of H I at z = 2 — 4. Their calcula- 
tions showed covering of only a few percent for Damped 
Lyman-alpha column densities. However for the equiva- 
lent of Lyman limit systems — which may be a more fair 
comparison for Mg II absorbers — the covering fractions 
range from 10-15%. The calculations did not extend to 
lower redshifts appropriate for our sample, although the 
trend indicates that the fraction increases from z = 2 to 

2 = 4. 

One would also expect the overall observed Mg II cov- 
ering fraction to increase if all Mg II systems are related 
to star formation. This is particularly true of the strong 
Mg II systems in the picture we have described above. 
We have not found such evidence, indicating that our 
selection method may be less disposed to select Mg II 
arising from starburst outflows, relative to absorption- 
li ne selected galaxy sain ples . 

iTinker fc ChenI ()2010( ) examine the redshift evolution 
of the covering fraction using halo occupation models 
coupled to analytic models of cold accretion. They find 
a strong redshift dependence of k cx (1 -I- z)^'^^ for the to- 
tal Mg II covering from haloes of all galaxy masses. The 
increase in k with z is much stronger for haloes below 
r^ 10^^'^Mq, while more massive haloes do not evolve 
strongly. We are almost certainly sampling the high end 
of this mass distribution at high redshift, but we do not 
see a strong rise in Mg II number counts from undetected 
low mass galaxies (see Section 3.6). However, if followup 
spectroscopy demonstrates that the Mg II systems with- 
out known galaxies are not paired with any of our pho- 
tometric candidates — especially the brighter ones missed 
from slit collisions — then any host galaxy would have to 
have very low L, lending support to this picture. 

4.1.1. Photoionization of Mg II Systems 
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Broadly, both the cold accretion and starburst outflow 
would predict an increase in Mg II covering at high red- 
shift which we do not observe. One effect which could 
counteract this tendency, and has not been discussed ex- 
tensively in the context of evolution, is the extragalactic 
ionizing background. The intensity of the UV radiation 
field rises with increasing redshift between z = and 
z — 1, and can eliminate Mg II by ionizing it further to 
Mg III. 

For the galaxies in our sample, we calculated the ratio 
of local to extragalactic ionizing flux at their individ- 
ual impact parameter, using each galaxy's measured ab- 
solute magnitude and best fit kcorrect model spe ctral 
template along with a lFaucher-Giguere et al.l ()2009D ion- 
izing background spectrum. In all cases the extragalactic 
fiux (at the Mg II ionization edge) dominates the illumi- 
nating radiation field of the galaxy, by factors ranging 
from 10 to 10,000, with a median ratio of ~ 1000. 

The degree to which this boost in the UV background 
ionizes away Mg II depends on the density of the systems 
as well as their hydrogen column density. We ran simple 
CLOUDY models to examine this effect over a range of 
number density, and found that for densities nn > 0.05 
cm~^ the Mg II equivalent width is mostly unchanged; 
but for lower values (uh ^ 0.001 — 0.01), the difference in 
background flux between z ~ and z ~ 1 could reduce 
Wr by a factor of 2-3. 

The effect of the UV background on N{z) for Mg II 
could be reduced if the absorbers are optically thick in 
H I, since the Mg II ionization potential is at only 1.1 
Ryd and there is some evidence that Mg II absorbers like 
the ones seen here relate closely to Lyman limit systems 
or the outskirts of Damped Lyman alpha systems. For 
typical column densities seen in LLS or DLA absorbers 
(iVni ~ 10^^ — 10^°) the densities tested above imply 
an absorber thickness of order only 100 pc to one kpc. 
These would seem quite small, but are in fact similar 
in scale to the sizes of Mg II systems inf erred from ion- 
ization modeling of individual systems ([Charlton et al.l 
[2003) and observations of multi ply-imaged gravita tional 
lenses intersecting Mg II haloes (|Rauch et al.ll2002l ). 

In short, changes in the ionization of Mg II could help 
explain why the covering fraction at z '^ 1 is similar 
to that at z ~ 0.2, despite general expectations that it 
should rise in cold accretion or outflow models. Ioniza- 
tion and/or photoheating may play a larger role at early 
times resulting in a small net evolution in k and N{z) 
for systems with 0.3 < Wr < 1.0 A. Surveys for Mg II at 
z > 2 — 3 (past the peak in the UV background) should 
help to discriminate between the evolutionary effects of 
the UV background and gas physics. 



4.2. Comparison to dN/dz Estimates for Mg 11 Systems 

We briefly consider the weak evolution in Mg II -galaxy 
properties in the context of traditional, blind Mg II ab- 
sorption studies. These large surveys repeatedly find 
that dN/dz for Mg II i ncreases with z (iNestor et al . 2005; 
iProchter etlll 120061: iSteidel fc Sargentl HQQi niightlv 
faster than a population of sources with constant co- 
moving density. This requires that either the covering 
fraction k increase on a per-galaxy basis, or the number 
of candidate galaxies increase at earlier times. 



INestor et all ([2005D divide their SDSS Mg II sample 
into bins of Wr and examine each bin's evolution sepa- 
rately with respect to the non-evolving case. They find 
that the majority of the SDSS absorber sample is broadly 
consistent with no-evolution, and that overall evolution 
is driven primarily by movement at the strong (Wr > 3.0 
A) and weak (W,- < 0.6 A) ends of the Wr distribution. 
At the strong end, which is not represented in our sam- 
ple, dN/dz increases toward higher redshift much faster 
than a non-evolving population; this has been discussed 
here as well as by Nestor and others in connection with 
star formation and galactic outflows. 

At the low Wr end more appropriate for our sample, 
Nestor et al. find evidence at the 2a level for a decline 
in dN/dz — by a factor of ~ 2 for 0.3 < W^ < 0.6 and 
z = 0.5 to z = 1. These results have marginal statis- 
tical significance, but they do demonstrate that in the 
range where our survey is sensitive, evolutionary effects 
are substantially smaller in weak vs. strong populations 
in both blind absorption and galaxy-selected surveys. 

4.3. Very recent work on Mg II at z ^ 1 

During review of this paper, iLundgren et al.l ([201 If ) 
presented a complementary analysis of strong Mg II ab- 
sorbers around DEEP2 galaxies as measured directly 
from SDSS survey quasar spectra. With a limiting equiv- 
alent width of Wr > 0.6 A, this survey is somewhat less 
sensitive to Mg II absorption and focuses primarily on 
large scale clustering analysis. Their group reports a 50% 
covering fraction within 60h^^ kpc (one of two possible 
systems) and lower covering at larger impact parame- 
ters. They detect a large galaxy absorber pair in the 
spectrum of SDSS0228-I-0027 (DEEP41013534) with im- 
pact parameter 42 h~^ kpc not included in our sample 
because of priors imposed on observations of background 
QSOs (the background QSO is at z = 2.4). This galaxy 
is a luminous, clearly early-type system. It further un- 
derlines that a non-negligible fraction of Mg II absorbers 
may be associated with galaxies having low instanta- 
neous star formation rates. Interstingiy, this system, like 
the z = 0.790 absorber we report in SDSS2325-H0019, 
may reside in a galaxy group. ^ 

In a second recent paper, iBordoloi et al.l ([201 If ) ex- 
amined stacked spectra of ^ 100 foreground-background 
galaxy pairs in the lower half of our redshift range. While 
not appropriate for covering fraction measuremenets, 
this analysis does produce a mean Mg II equivalent width 
measurement (for the combined 2796A and 2803 A com- 
ponents), which traces the combined effects of absorber 
strength and covering fraction. The stacked spectrum 
for all "red" galaxies, which are selected to resemble the 
early-type systems reported here, yields low Wr for all 
impact parameters probed, a factor of 2-3 x below our 
median, while the "blue" population shows very strong 
absorption that rises steeply with decreasing radius and 
increasing stellar mass. 

The trends in Bordoloi et al's blue sa mple are crudely 
consis tent with ou r findings an d tho se of fLundgren et aTl 
(|20ll as well as fChen et al.f (|20l(?). Their declining 
stacked Wr at high b may be interpreted as a drop in 
covering fraction toward higher impact parameters, cou- 
pled with a somewhat smaller effect from a decreasing 
average Wr of each absorber. Comparison of our Figures 
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16 and 17 roughly reproduce the scahngs in Bordoloi's 
Figure 4. 

The apparent weak absorption from "red" galaxies at 
all impact parameters is less consistent with the afore- 
mentioned galaxy-selected samples. The cause of this 
discrepancy is not immediately clear; a full accounting 
will require either larger samples of individual early-type 
galaxy/absorber systems to measure a detailed cover- 
ing fraction, or else a separate stack of higher-resolution 
galaxy spectra to test whether this result based on back- 
ground galaxies, rather than QSOs, continues to hold. 

5. CONCLUSIONS 

We have presented a new sample of 10 QSO spectra 
selected randomly for their proximity to DEEP2 survey 
galaxies to examine the frequency of Mg II absorption 
in extended gas haloes at z ^ 1. These objects, which 
each have at least one DEEP2 galaxy at 6 < 100 kpc 
(and many more at larger 6), were observed at medium 
resolution with the MagE spectrograph. The galaxies 
have z = 0.87 and were not chosen for any particular 
intrinsic properties save for those inherent to the DEEP 
survey selection criteria. 

Our findings may be summarized as follows: 

1. Mg II is found in the haloes of early- type and late- 
type galaxies alike at z ~ 1. We see no suggestion 
of a bias toward any particular stellar population or 
instantaneous star formation rate. Neither of the 
two possible AGN in the sample exhibits associated 
Mg II absorption. 

2. We find 5 unique galaxy-Mg II pairs, two of which 
are grouped with a second galaxy at similar red- 
shift. Five galaxies with DEEP2 spectra at & < 100 
kpc do not have an associated Mg II absorber. 

3. We find five additional Mg II systems in our spectra 
with no associated galaxy in the DEEP2 catalog. 
However in all but perhaps one case, a plausible 
candidate was recovered from the DEEP photomet- 
ric catalog. These candidates have small impact 
parameters, but were not observed because of slit 
mask constraints or a narrow miss of the DEEP2 
apparent magnitude cutoff. 

4. After applying a simple scaling for galaxy luminos- 
ity (i.e. accounting for the idea that more luminous 
galaxies have more extended haloes), the derived 
dependence of covering fraction with galaxy impact 
parameter at z ~ 1 becomes strikingly similar to 
what is observed in similar samples at z '-~^ 0.2. This 
highlights the importance of accounting for radial 
sampling functions when calculating the covering 
fraction of Mg II or other ions within a fixed im- 
pact parameter. 

The Mg II systems in our sample fall between 
the regime of the "weak" systems with Wr < 
O.SA (iChurchill et all 119991 ). and the "strong" systems 
with Wr > 1 A, the latter of which several groups have 
suggested may trace galactic outflows. We do not see a 
strong link between star formation and Mg II incidence, 
but rather find systems around a wide range of spectral 



types. If our intermediate-strength Mg II systems re- 
late to outfiows, they may be relic metal-rich material 
accumulated by either past star formation episodes or 
dynamical processes occurring during galaxy assembly. 

Both the outflow and cold accretion hypotheses would 
predict an increase in Mg II covering fraction with red- 
shift, which we do not observe. Halo occupation mod- 
els predict weak evolution for haloes with mass M > 
1O^^M0, representative of our sample. However they 
also predict a sharp rise in Mg II absorption from low 
mass haloes at higher z which we do not conclusively see. 
We speculate that the changing extragalactic UV back- 
ground may play a role in suppressing Mg II absorption 
at high z, provided 1.1 Ryd photons can penetrate the 
structures where the absorption occurs. 

Observations of Mg II absorption at z > 2 may hold 
some insights into the relationship between halo assem- 
bly, star formation, feedback, and ionization evolution. 
Beyond this redshift, the ionizing background once again 
declines, which should favor Mg II in the ionization bal- 
ance. It remains to be seen how this trades off against the 
decline in abundances at early times. Moreover it is not 
clear that galaxy scaling relations for L* systems derived 
locally would be well justified at such early times. We 
are exploring this further using IR observations which 
will extend Mg II number density surveys to z > 4. 

Facilities: Magellan: Clay (MagE) 
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TABLE 2 

Mg II Absorption Line Systems and Matched DEEP2 Galaxies 



Quasar Sightlinc 


ZQSO^ 


DEEP2 Match2 


z{Mgll) 


63 


Mb^ 


SFR^ 


H/.e 


a{Wr) 


Ai,6 


SDSS023H-0052 


1.61 


43056587 
43056310 


0.820 
1.009 
1.009 


100.02 
226.90 


-20.13 
-20.56 


26 
112 


0.298 
0.759 
0.759 


0.053 
0.064 
0.064 


11 

164 


SDSS2325+0019 


1.21 


31050080 
31050146 


0.790 
0.790 


72.09 
345.24 


-20.70 
-20.77 






0.263 
0.263 


0.040 
0.040 


-150 
387 


SDSS2326+0021 


1.25 


31052516 


0.684 
0.735 


37.25 


-21.21 





1.041 
0.339 


0.061 
0.067 


-266 


SDSS2327+0003 


1.75 




0.952 
1.477 








0.221 
0.419 


0.037 
0.038 




SDSS2330+0008 


1.00 


32014809 


0.870 


58.95 


-20.08 


29 


0.275 


0.030 


420 


SDSS2330-I-0015 


1.94 


32024543 


0.615 

1.187 


47.06 


-20.13 


24 


0.148 
0.608 


0.026 
0.048 


-95 



QSO emission redshift 

DEEP2 redshift catalog number for galaxies coincident with 2(MgII). Absorbers with no matched galaxies indicated with an ellipsis. 

QSO-galaxy impact parameter, in h^j proper kpc 

Rest-frame B band absolute magnitude 

Logarithmic star formation rate, M0/year. 

Rest-frame Mg II A2796 A equivalent width in A. 

Absorber-galaxy velocity offset (km/s) 



TABLE 3 
DEEP Galaxies at 6 < 250 kpc with No Associated Mg II 



Quasar Field 


^QSO 


DEEP Name 


Zgal 


b 


Mb 


SFR 


Wlim 


SDSS2330-f0008 


1.00 


32014683 


0.8049 


206.57 


-19.69 


22 


0.099 


SDSS0231+0024 


1.05 


42005413 
42005658 
42005668 
42005439 


0.9108 
0.8278 
0.8262 
0.8371 


59.72 
159.74 
166.29 
203.12 


-19.39 
-20.79 
-20.29 
-19.72 


14 

189 

50 




0.216 
0.242 
0.149 
0.145 


SDSS2325+0019 


1.21 


31049930 


1.1573 


251.06 


-22.03 





0.081 


SD9S023H-0044 


1.26 


43046656 
43046720 


1.1661 
0.7475 


91.68 
223.14 


-20.35 
-18.53 


37 
4 


0.058 
0.111 


SDSS2326-0003 


1.27 


31008442 


1.2027 


51.44 


-19.85 


78 


0.253 


SDSS0231+0052 


1.61 


43056496 


0.8153 


245.49 


-19.74 


51 


0.261 


SD9S0226+0043 


1.66 


41045894 
41046028 


0.8488 
0.8479 


46.12 
212.58 


-19.82 
-19.17 






0.429 
0.312 


SDSS2327+0003 


1.75 


31020243 
31020310 
31020364 
31019960 


1.0047 
0.6620 
0.8115 
0.7400 


67.35 
121.97 
163.24 
218.14 


-20.64 
-18.12 
-19.84 
-18.63 


45 
13 
17 



0.180 
0.408 
0.391 
0.331 


SDSS2330+0015 


1.94 


32024758 


1.1027 


116.59 


-21.09 





0.374 



TABLE 4 
DEEP2 Photometric Candidates in Fields with Unmatched Mg II Systems 



Quasar 


DEEP Objecfi 


6»2 


rns'^ 


(R^I) 


Mb^ 


Z^Mgll 


feS 


Vl/,6 


SDSS2326+0021 
SDSS2330-f0015 


31052514 
32024973 


9.7 
21.1 


23.59 
23.88 


0.32 
0.57 


-18.45 
-17.83 


0.684 
0.615 


68.901 
143.509 


1041 

148 



^ DEEP2 catalog number 

^ Imact parmameter (arcsec) 

3 Measured, observed frame apparent B magnitude 

* Inferred rest frame, fe-corrected absolute B magnitude, expressed as Mb — 51og(/i), assuming 

^ Inferred impact parameter in K^^ kpc, assuming that candidate lies at ZMgii. 
6 Rest-frame Mg II A2796 A equivalent width 



that candidate lies at 



^Mgll- 
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TABLE 5 
Faint DEEP2/MG 11 Photometric Candidates Excluded by Apparent Magntude 



Quasar Field 


DEEP Object! 


02 


TTlB^ 


(R-I) 


Inferred Afs" 


ZMgll 


feS 


H/.6 


SDSS0231+0052 


43056354 


4.0 


24.67 


0.56 


-18.23 


0.820 


30.5 


323 




43056414 


13.3 


24.21 


0.00 


-17.71 


0.820 


101.5 


298 


SDSS2326+0021 


31052590 


18.2 


24.22 


0.22 


-17.65 


0.684 


129.7 


1041 


SDSS2327+0003 


31019897 


2.5 


25.25 


0.87 


-18.56 


0.952 


20.2 


665 




31020185 


9.0 


24.53 


0.19 


-18.38 


0.952 


71.8 


221 




31020316 


16.7 


24.94 


0.05 


-17.60 


0.952 


133.5 


221 




31019897 


2.5 


25.25 


0.87 


-20.94 


1.477 


21.7 


419 




31020185 


9.0 


24.53 


0.19 


-19.80 


1.477 


77.2 


419 




31020316 


16.7 


24.94 


0.05 


-18.91 


1.477 


143.4 


419 


SDSS2330+0015 


32024604 


21.0 


24.59 


0.22 


-16.80 


0.615 


143.1 


148 




32024616 


20.8 


25.23 


0.12 


-16.41 


0.615 


141.2 


148 



! DEEP2 catalog number 

2 Iinact parmameter (arcsec) 

^ Measured, observed frame apparent B magnitude 

* Inferred rest frame, fc-corrected absolute B magnitude, expressed as Mg — 

^ Inferred impact parameter in h^-^ kpc, assuming that candidate lies at zmj 

6 Rest-frame Mg II A2796 A equivalent width 



51og(/i), assuming that candidate lies at ^Mgll- 
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